Background: A region of chromosome 16 containing the fat massand obesity-associated gene (FTO) is reproducibly associated with fat mass and body mass index (BMI), risk of obesity, and adiposity. Objectives: We aimed to assess the possibility that appetite plays a role in the association between FTO and BMI. Design: Detailed dietary report information from the Avon Longitudinal Study of Parents and Children allowed the exploration of relations between FTO variation and dietary intake. Analyses were performed to investigate possible associations between variation at the FTO locus and the intake of a range of micronutrients and macronutrients, with adjustment for the bias often found within dietary report data when factors related to BMI are assessed. To test the hypothesis that FTO may be influencing appetite directly, rather than indirectly via BMI and altered intake requirements, we also assessed associations between FTO and dietary intake independent of BMI. Results: Relations between a single-nucleotide polymorphism characterizing the FTO signal (rs9939609) and dietary variables were found and can be summarized by the effect of each additional allele (per-allele effects) on total energy and total fat (P 0.001 for both). These associations were attenuated, but they persisted specifically for fat and energy consumption after adjustment for BMI [total daily fat consumption: Ȃ1.5 g/d (P ҃ 0.02 for the per-allele difference); total daily energy consumption: Ȃ25 kJ/d (P ҃ 0.03 for the per-allele difference)]. Conclusion: These associations suggest that persons carrying minor variants at rs9939609 were consuming more fat and total energy than were those not carrying such variants. They also suggest that this difference was not simply dependent on having higher average BMIs among the former group.
INTRODUCTION
Two studies recently described an association between variation at the FTO gene locus and body mass index (BMI; in kg/m 2 ), the risk of obesity, and adiposity (1, 2) . FTO was identified as one of several loci involved in a knockout murine model resulting in a fused-toe (Ft) phenotype (3); however, it was not noted for other biological associations. Recently, work focusing on the nature of this locus showed the ubiquitous expression of this protein in fetal and adult tissues and a preferential hypothalamic mRNA profile. These findings and evidence of possible links between FTO and dietary consumption in mice (4) prompted investigation into the FTO locus as a potential influence on appetite and on its being a possible mechanism contributing to the known association between FTO and BMI or fat mass. Of particular interest is the notion that BMI-associated variation at the FTO locus may not only be associated with appetite as a result of elevated energy demand (coincident with weight increase) but may also independently influence appetite.
Recognizing fto as a demethylation catalyst, Gerken et al (4) examined fto mRNA concentrations in the hypothalamic nuclei of mice grouped by feeding behavior. This work explored whether hypothalamic fto expression is nutritionally regulated and noted that fto mRNA concentrations are indeed lower in fasted mice. This finding, along with similar patterns of hypothalamic expression and a fasting effect shown by Stratigopoulos et al (5) , formed part of the first functional evidence available on the human FTO gene and provided possible links to the control of energy balance. Furthermore, the existence of variation at this locus within predicted cut-like homeobox (CUTL1) binding sites, which have demonstrable regulatory effects on the expression of FTO (and the related FTM/RPGRIP1-like locus), has suggested a route between observed genetic variation at this locus and altered hypothalamic activity (5) .
Assessing the relation between BMI-associated features and appetite or dietary intake is a difficult procedure for 2 reasons. First, persons with higher BMI may have higher total energy intakes, because these are required to maintain their greater adiposity (6) . Second, there may be systematic underreporting of dietary intake by persons with higher BMIs (7) . A key component of the current investigation was the incorporation of a method designed to correct for this effect and to provide estimates of the effect of FTO gene variation that are not biased by these issues. In most cases, the relation between genetic variation and such anomalies is essentially randomized as a result of the Mendelian allocation of alleles at meiosis and conception (8, 9) . However, in the present study, that may not be the case, because of the known association between variation at the FTO locus and BMI, in which the BMI-elevating effect of the FTO risk allele may influence energy intake or reporting tendency.
We examined the first issue through adjustment of the association between FTO and dietary intake for BMI. This approach may, of course, represent overadjustment, but the unconfounded effect should lie between the unadjusted and adjusted effect estimates. With regard to underreporting, we approached that possibility, first, by assessing the relation between genotypes and reporting accuracy and, second, by repeating the analyses, with the use of standard methods, after excluding children flagged as being underreporters (6) .
The Avon Longitudinal Study of Parents and Children (ALSPAC) is a prospective study of pregnancy and childhood in which detailed dietary records have been used to assess childhood consumption of food and drink (10, 11) . Considering that the FTO locus may exert an effect on adiposity through an alteration of appetite and dietary consumption, we aimed to examine the relation between genotypes at the single-nucleotide polymorphism (SNP) rs9939609 and a series of variables relating to the daily intake of dietary components. We hypothesized that the FTO allele associated with higher BMI would be related to greater energy intake, but we also carried out exploratory analyses of other dietary measures. The availability of measures of BMI and the accuracy of dietary reporting allowed us to assess whether appetite effects may be considered independent of BMIrelated energy demand and also to avoid potential bias generated by BMI-related misreporting.
SUBJECTS AND METHODS

Subjects
The ALSPAC study was conducted in a prospective cohort made up of pregnant women with expected delivery dates between April 1991 and December 1992 who were recruited from the area formerly known as the county of Avon in the United Kingdom. The cohort is population-based and broadly representative at the point of recruitment (12) . More detailed information on the ALSPAC study is available at its web site (Internet: http://www.alspac.bris.ac.uk). Persons of known nonwhite racial-ethnic origin were excluded from all analyses. DNA was collected from mothers and children as described previously (13) . For the present study, genotypes at SNP rs9939609 were available for 8480 singleton children. When the dataset included singleton siblings born to the same mother, only the firstborn child was included in the analyses of children.
The parents gave written informed consent to the participation of their children in the present study. All aspects of the study were reviewed and approved by the ALSPAC Law and Ethics Committee, which is registered as an Institutional Review Board. Approval was also obtained from the local research ethics committees, which are governed by the UK Department of Health.
Dietary records
Detailed dietary intake data were available for the children at age 10 -11 y and were derived by using a 3-d unweighed food record. In previous work using this method of dietary assessment in a 10% subsample of this cohort, intake data were shown to compare well with the those of national surveys (10), and they had plausible relations with biological outcomes, including blood lipid concentrations (14) and concentrations of insulin-like growth factor I (11). Three-day dietary records were collected from the whole cohort between February 2002 and October 2003 when the child was aged 10 -11 y. One wk before the child was due to visit a research clinic (Focus Clinic at 10 y old), a 3-d food diary (for 1 weekend day and 2 weekdays) was sent to the child to complete at home with parental help and then to bring to the clinic. A short questionnaire aimed at maintaining parental involvement and obtaining further detail regarding the foods and drinks consumed was included with the diary.
In the clinic, the diary was checked by a nutritionist, in the company of the child and usually a parent. When necessary, further detail was sought about the foods and drinks recorded, such as portion sizes and preparation methods. If the child had not completed a diary, a single 24-h recall was administered in the clinic. By this method, a response rate of 98% of clinic attendees was achieved: 13.5% had one 24-h recall-based record, and the rest had ͧ2 d recorded. It should be noted that genotype was allocated uniformly across these persons, and there was no consistent evidence of difference in the mean values for dietary variables between these groups. The diet records were coded using Diet in, Data Out (DIDO), a coding program developed by the MRC Human Nutrition Research Unit (15) and adapted for use in coding children's diets. The coded data were converted to nutrient intakes by using a database derived from McCance and Widdowson's Composition of Foods, fifth edition (16) , and supplements to that publication (17) (18) (19) (20) (21) (22) (23) (24) , augmented with manufacturers' information and information from the nutrient database used by the National Diet and Nutrition Survey (25) .
Underreporting in dietary records
It is well documented that dietary data are subject to misreporting (7) and that the misreporting is usually biased toward underreporting by overweight persons (26) . In a previous analysis in the subsample of ALSPAC children, we showed that the relation found between energy density of the diet at 7 y and adiposity at age 9 y was enhanced when misreporting was considered (27) . This adjustment could be done either by adding misreporting status to the model or by restricting the analysis to plausible reporters. Given the principal association of genetic variation at the FTO locus with obesity or fat mass, we have therefore sought to identify participants with implausible dietary intakes by using a standard method to allow for this problem. Underreporters were defined as having a ratio of reported energy intake to predicted energy requirements of 78% (28, 29) . Predicted energy requirement was calculated from body weight, after age, sex, and energy requirements for growth were taken into account (29) . Underreporters were subsequently removed from analyses.
Genotyping and numbers included
Genotyping of rs9939609 was undertaken in 8480 children (1) . Genotyping was performed by KBiosciences (Hoddesdon, United Kingdom) using the company's own system of fluorescence-based competitive, per-allele polymerase chain reaction (KASPar). Details of assay design are available from the KBiosciences website (Internet: http://www.kbioscience. co.uk). After adjustment for missing data and exclusion of subjects for underreporting, accurate information on dietary intake was available for 3641 children with FTO genotypes, 3589 of whom also had BMI measurements (Figure 1) . Results for the overall sample, without exclusion, are reported in a supplementary table (See Table S1 under "Supplemental data" in the current online issue). The exclusion for underreporting yielded a substantial reduction in the effective sample size but was considered important because of the potentially distorting effects that misreporting subjects could have on the study's findings.
Statistical analysis
Relations with the FTO locus, including suitable adjustments, were assessed via linear regression; in an effort to account for non-Gaussian traits, log 10 transformations were undertaken when appropriate. This approach assumed an additive genetic model [as used by Frayling et al (1)] and included analysis of rs9939609 and dietary components, rs9939609 and BMI, BMI and energy intake, and rs9939609 against the percentage of energy derived from specific food types. In conjunction with this approach, a simple test for trend was also undertaken by genotype by using the STATA command "nptrend"; this command performs a nonparametric test for trend across ordered groups that is an extension of Wilcoxon's rank-sum test. Further analyses including BMI involved log 10 sex-specific z-scored BMI values.
Hardy-Weinberg equilibrium was tested by using the command "genhwi" (part of the "genassoc" suite of commands; Internet: www-gene.cimr.cam.ac.uk/clayton/). All analyses were undertaken with STATA statistical software (version 10; Stata Corp, College Station, TX).
RESULTS
General characteristics of the major dietary components (macronutrients) can be seen in Table 1 . Energy and nutrient intakes were at levels expected for children aged 10 -11 y (20) ; intakes of all nutrients were higher in males than in females. However, whereas consistent differences were observed between the sexes, we found no consistent differences between the dietary intakes of those with and without genotypic data (747 children) that would withstand correction for multiple testing. Thus, it appears that the children with genotypic data were representative of the whole population with regard to diet.
The FTO locus showed a minor allele frequency (SE) of 0.39 (0.004) in this study. This sample showed no departure from Hardy-Weinberg equilibrium (P ҃ 0.5). On removal of subjects who were flagged for underreporting (n ҃ 2322), the remaining sample of 3741 subjects with dietary data and the required covariates showed a minor allele frequency of 0.40 (0.006) and again did not show departure from Hardy-Weinberg equilibrium (P ҃ 0.9). A simple test of the difference in the proportion of genotypes by inclusion and exclusion for underreporting showed no difference in distribution by exclusion criteria (P ҃ 0.6).
In an extension to this approach, despite the fact that underreporters had consistently higher BMI values than did the remaining sample [19.96 (19. Within this sample, tests of the association between rs9939609 and daily dietary consumption indicated detectable positive relations between genetic variation and the daily consumption of total energy and energy from food, saturated fat, monounsaturated fat, polyunsaturated fat (P 0.009 for all), and trans fatty acid (P ҃ 0.01) at age 10 -11 y ( Table 2 and Table 3 ). The effect sizes are very similar in the whole sample (see Table S1 under "Supplemental data" in the current online issue) and in the sample with exclusions for underreporting, although the significance values are greater for the whole sample, as would be expected, given the greater amount of data.
Although we excluded those subjects flagged for reporting bias, these data may reflect association among BMI, basal metabolic rate, and intake. We therefore adjusted analyses for BMI and found that associations remained (and were of a magnitude similar to that seen before adjustment) for total energy from all food [ratio of geometric means (SE): 1.008 (0.0037); P ҃ 0.03]; total fat [ratio of geometric means (SE): 1.012 (0.005); P ҃ 0.02], and saturated fat [ratio of geometric means: 1.012 (0.007); P ҃ 0.05] ( Table 2 and Table 3 ). Adjustment of the known FTO-BMI association for dietary components was seen to attenuate the relation between genotype and BMI ( Table 4) .
We observed a considerable effect of energy intake on the BMI of children in this sample when underreporting was taken into account. Per tertile of energy intake, the effect on BMI was a 0.34 SD (SE: 0.017) increase, or Ȃ0.84 ng/mL. Without exclusions for underreporting, the BMI-energy association was 0.03 SD (SE: 0.015), or Ȃ0.097 ng/mL per tertile of energy intake. This comparison of data from before and after correction for reporting bias confirmed a relation between energy intake and BMI and also confirmed that reporting bias has a substantial effect on this association. 
DISCUSSION
We observed associations between rs9939609 and the daily intakes of energy and fat in a large representative sample of children aged 10 -11 y both before and after adjustment for BMI. Frayling et al (1) reported that, by that age, the adiposity effect of this locus is stable (Ȃ0.1 SDs of BMI); however, the mechanism (or mechanisms) of this relation is as yet unclear.
In the present analysis, we also were able to explore the possible effects of misreporting of dietary intake data. The removal of subjects who were flagged for underreporting appeared not to influence the distribution of genotypes at rs9939609, and, therefore, the genotype was not associated with the likelihood of a person's being either an accurate or an inaccurate reporter. Together, these findings suggest that the relatively small variance in BMI attributable to the FTO locus has not generated an association between dietary underreporting and genotype and that, when analyses are adjusted for BMI, genotype may indeed give insight into the relation between this locus and appetite.
Despite this possibility, we performed analyses after excluding persons with evidence for marked reporting bias, and we showed that SNP rs9939609 was nominally associated with the daily intakes of both fat and energy. Whereas these findings were of small effects, it was interesting that, after BMI adjustment, both our raw data and the data corrected for reporting accuracy yielded evidence of relations between FTO and dietary intake of a magnitude that is likely to be important over the life-course (30, 31) . These relations include total energy, total fat, and saturated fat intakes, and they suggest that appetite may be associated with variation at this locus. However, those results are likely to reflect portions of the variance in dietary intake that are explained by both basal Values for macronutrients were adjusted for child sex only at age 10 -11 y. All effects are shown as beta values from linear regression of log 10 -transformed variables and thus as ratios of geometric means.
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The total number of subjects was reduced to 3589 for the BMI-adjusted analysis.
3
BMI was log 10, z-scored, and sex-specific. 
SE in parentheses (all such values).
6
Total energy including drinks.
TABLE 3
Relation between micronutrient intake and rs9939609 Values for micronutrients were adjusted for child sex only at age 10 -11 y. All effects are shown as beta values from linear regression of log 10 -transformed variables and thus ratios of geometric means.
2
The total number of subjects was reduced to 3589 for BMI-adjusted analysis.
3
BMI was log 10 , z-scored, and sex-specific. energy demands (which vary by BMI) and a possible direct effect of the FTO locus on food intake.
An important consideration in the interpretation of these results is that of the possibility of overadjustment as a result of the incorporation of BMI into models of the association between variation at rs9939609 and appetite. BMI was incorporated into the analysis of relations between variation at the FTO locus and dietary intake in an effort to remove the effects of the known correlation between metabolic requirements and BMI in accurate dietary reporters. However, because BMI is in part an outcome of dietary intake, such an adjustment may attenuate appetite effects. We consider it likely that the actual point estimates of the effect of FTO on dietary intake will lie between the estimates presented before this adjustment and the estimates presented afterward.
It is important that the association between rs9939609 variation and the intake of energy or fat also may be attenuated by the known imprecision of dietary intake measurement and the limited extent to which short-term dietary measures reflect longterm patterns. Whereas this attenuation is a limitation, the observations in the present study still add to the weight of evidence for a BMI-independent relation between FTO and appetite.
Analysis by effect on the percentage of total energy derived from specific food types indicated that, if the observed appetite effect is real, then it is not restricted to any particular dietary component. This possibility would, therefore, suggest that the observed relation is one of a generic effect on food intake.
The present analysis makes use of the best available evidence to date for the assessment of a possible direct role of the FTO locus in regulating dietary intake. In the case of total energy and fat, we have observed nominal evidence for a BMI-independent association between this locus and intake, even after considerable reduction in sample size as a result of the removal of apparently underreporting subjects. This removal did not change the magnitude of the association, but it necessarily reduced statistical precision. The independent appetite effect is small, but it is of a magnitude that, over the life-course, would be likely to lead to differences in BMI at least approaching those due to FTO genotype (32) (33) (34) .
Greater numbers of participants or more accurate assessments of dietary intake (or both) are required for a more comprehensive assessment of this relation. However, our data are consistent with data from other sources (35) in suggesting that small changes in energy intake will, as they accumulate over time, lead to substantial changes in BMI.
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